After its discovery as a Ca2+-dependent activator of cyclic nucleotide phosphodiesterase by Cheung (5) and Kakiuchi and Yamasaki (20) , a number of other Ca2+-dependent enzymatic regulations have been attributed to calmodulin (CaM) . Indeed, a survey of the literature shows that a large number of cellular metabolic reactions are under the control of CaM. In addition, CaM exhibits a nonenzymatic interaction with certain proteins such as a Ca2+-dependent interaction with the a subunit of spectrin in many erythroid and nonerythroid cells (for review see reference 24) as well as a strong Ca2+-insensitive interaction with certain enzymes such as phosphorylase kinase (PhK) (10, 23) . The great versatility in the biological functions of CaM is combined with a highly conserved structure of this protein among species. The fact that CaM is almost perfectly conserved throughout evolution suggests that each of the four Ca2+-binding sites and other characteristic features of the molecule are very important in one or another of the roles of the protein (7) . This is why the detailed investigation of conformational states and chemical modifications of CaM may yield a better understanding of the regulation of a whole set of intracellular CaM-dependent events, such as the Ca2+-and CaM-dependent phosphorylation of many enzymes. However, to date, the molecular details of CaM-stimulated phosphorylation are still unknown. Part of the difficulty in studying in vitro every parameter of a reaction involving CaM is that CaM is a very small and very acidic molecule and is difficult to be analyzed itself by electrophoresis (11, 14, 26) . To investigate the potential in vivo chemical modification of CaM, we have analyzed CaM, either purified from brain by conventional biochemical techniques or from whole brain extracts, by using an isoelectric focusing system with a modified pH gradient that allows the resolution of very acidic polypeptides. We show here that, in brain, CaM exists in a phosphorylated and a nonphosphorylated form. Under conditions of electrophoresis in which p042-hydrolysis is minimized, the phosphorylated form of CaM (PCaM) is present in almost equivalent amounts to the nonphosphorylated form. PCaM is more acidic than CaM, and its electrophoretic mobility is not affected by either Ca"+ or ethylene glycol-bis(,B-aminoethyl ether)-N,N-tetraacetic acid (EGTA) . In 
MATERIALS AND METHODS
Standard preparation of CaM. Five brains from 18-day-old chicken embryos were homogenized, and CaM was prepared as previously described (4) . A 250-ml gradient from 200 to 600 mM NaCI was applied to the ion-exchange column: 50 ml of packed DEAESephadex A-50 equilibrated in 50 mM Tris (pH 7.0)-200 mM NaCI. CaM eluted at about 400 mM NaCl and was lyophilized, desalted through a G-25 column equilibrated in 50 mM (NH4)HCO3, and lyophilized again.
Isoelectric focusing. Two-dimensional isoelectric focusing and sodium dodecyl sulfate (SDS) gel electrophoresis was carried out by the method of O'Farrell (28) with a modified pH gradient. The ratios of Ampholines (LKB Instruments, Inc.) used was 2.4% of pH range 3.5 to 10 and 0.8% of pH range 2.5 to 4. The current was always maintained under 0.25 mA per -tube to avoid protein precipitation at the top of the gel owing to overheating. Detergent was omitted from the samples. The second dimension after isoelectric focusing was run in gels containing 17.5% acrylamide and 0.074% N,N'-methylenebisacrylamide.
Urea extraction of brain. Ultrapure urea was purchased from Schwarz/Mann. A given weight of brain was mixed with the same weight of urea and then with 1/5 this weight of the following buffer: 250 mM Tris-100 mM EGTA (pH 7.0)-100 mM P-mercaptoethanol-1 M NaCl. Alternatively, the brain was mixed with the same amount of 200 mM sodium pyrophosphate-200 mM EGTA-15 mM NaF-10 mM dithiothreitol-6 M urea at an approximate pH of 4.8. The final concentration of urea was 7.2 M with the first buffer and 3 M with the second one.
Removal of SDS by ion-pair extraction. After twodimensional polyacrylamide gel electrophoresis (PAGE) and staining, the protein spot was cut and eluted by homogenization with a Teflon pestle in 50 mM (NH4)HCO3 and then further mixed, washed, and centrifuged several times in the same buffer. Finally, the extract was lyophilized. Alternatively, the gel slices were subject to electroelution with several changes of 50 mM (NH4)HCO3, and the extract was lyophilized. SDS and Coomassie blue were removed from the protein by the procedure of Henderson et al. (16) with slight modifications. Since CaM is stable to acid treatment (23) , difficulties have been encountered in its precipitation and its recovery; for this reason, SDS and Coomassie blue were removed by the addition to the protein solution of an extraction mixture consisting of acetone-triethylamine-acetic acid-water (17:1:1:1), and the mixture was cooled in an ethanolcarbonic ice bath. At a lower temperature than that used in the procedure of Henderson et al. (16) , an aqueous phase containing CaM stuck against the wall of the tube. The organic phase was poured off.
PhK. (i) Preparation of a crude extract. The procedure for the preparation of PhK was derived from Cohen (9) and Pocinwong et al. (30) . A 500-g amount of chicken breast and leg muscle was minced and stirred in 2 liters of 10 mM sodium pyrophosphate adjusted to pH 9.0 with acetic acid, containing 5 mM magnesium acetate and 0.2 mM phenylmethylsulfonyl fluoride. After a 60-min centrifugation at 20,000 x g, the supernatant was added to an equal volume of neutralized 3 M ammonium sulfate and stirred overnight at 4°C. The precipitate was collected after a 60-min centrifugation at 20,000 x g, dissolved in the homogenization buffer, and added to 600 ml of DE52 cellulose (Whatman, Inc.) equilibrated in the same buffer. The slurry was stirred and centrifuged for 15 min at 1,000 x g to pellet the resin. The resin was washed twice with the homogenization buffer and poured into a 4-cm-diameter column. An NaCl gradient from 0 to 0.5 M NaCl in 0.1 M sodium glycerophosphate-2 mM EDTA (pH 7.0) was started once no more protein was eluted as monitored by transmission at 254 nm. The fraction volume was 7 ml, and the volume of the gradient was 500 ml. Elution was continued with 0.5 M NaCI buffer until no more protein was eluted. Fractions were assayed for PhK activity with phosphorylase b (Sigma Chemical Co.) as a substrate (see below).
(ii) PhK assay. The buffer was derived from Kilimann and Heilmeyer (21): 1.5 mM sodium glycerophosphate-50 mM magnesium chloride-0.2 mM calcium chloride (pH adjusted to 9.0 with HCI). Solutions of phosphorylase b (15 mg/ml) and of CaM 32po42-incorporation in proteins from whole brain.
Five chicken embryo brains (10 days old) were incubated at 37°C in minimal essential medium without phosphate for 3 h. After 1 h, the medium was changed, and 1 mCi of H332P04 (carrier free; New England Nuclear Corp.) was added. The incubation was then continued for 10 h. The brains were pelleted and submitted to Tris-urea-EGTA extraction as above before two-dimensional gel analysis. After Coomassie blue staining, the gels were dried and exposed for 1 week with intensifying screens.
Analysis for TML. After two-dimensional gel analysis of brains extracted in urea-EGTA, the main CaM spot (8) and the acidic spot (8') were electroeluted, submitted to ion-pair extraction (16) , and analyzed for trimethyllysine (TML) content, first by thin-layer chromatography in two different solvent systems (22, 29) and second, with a Durrum amino acid autoanalyzer. The TML standard was a gift from Steven Clark, University of California, Los Angeles. For phosphoamino acid determination, the radioactively labeled (8') variant was hydrolyzed after extraction in 5.6 N HCI for 2 h and analyzed (as in reference 27).
VOL. 3, 1983 RESULTS Analysis of CaM from the standard purification procedure. CaM, purified from brain by the conventional procedure involving osmotic shock, heating, and ion-exchange chromatography, exhibits only one band after one-dimensional electrophoretic analysis in the presence of SDS (not shown). However, two-dimensional isoelectric focusing and SDS gel analysis of the same fractions shows a heterogeneity of the preparation (Fig. IA) Fig. 2A . Given the fact that 0.2 g of brain protein extract was applied per gel as in Fig. 2A (Fig. 1A) ; however, it is greatly improved if CaM is purified in buffers containing phosphate and NaF, both of which inhibit protein phosphatase activity ( Fig. 1B; see below) . One of the most striking characteristics of CaM is its ability to retain biological activity after exposure to protein denaturants, such as heat and urea, and to bind Ca2' after exposure to SDS at 1000C (3, 6, 23) . Upon addition of Ca2', four Coomassie blue spots are resolved in urea extracts of whole brain in the position of CaM. These CaM variants share the same isoelectric point of 4.0 ± 0.2, but they exhibit an increasing electrophoretic mobility (Fig. 2B) . This pattern is in agreement with previous work showing that the interaction of Ca2+ with CaM apparently occurs in discrete steps (23) . Upon Ca2 binding, CaM undergoes a large conformational change accompanied by a 5 to 10o increase in its a helical content as determined by circular dichroism and optical rotary dispersion (23) . The acidic variant (8') has the electrophoretic mobility of Ca2+ CaM, but only one spot is seen by two-dimensional electrophoresis (Fig.  2) . This variant appears to be insensitive to Ca2 , unlike the main CaM spot (8), since its electrophoretic mobility is not altered when Ca2+ is chelated (see Fig. 1B ). The extraction in Fig. 1 and 2 has been achieved first with EGTA. CaCI2 was only added to the sample before isoelectric focusing. Thus, we are not observing the Ca2+ effect on protein extraction but rather its effect on the electrophoretic mobility of proteins.
Conversion of PCaM into CaM. Different preparations of CaM were analyzed for the presence of the 8' spot and the effect of Ca2' on its electrophoretic mobility. Although a minor component, it was also found in the conventional preparation of CaM (Fig. 1A) . After extraction of the protein from the gel slices as in Fig.  2A and reelectrophoresis, the 8' variant showed a partial transformation into the 8 variant with the typical pattern of the incomplete saturation in Ca2' (Fig. 3) . When the urea extraction of the brain was performed in phosphate buffer with NaF, the Coomassie blue intensities of the two spots were almost identical (Fig. 1B) . These experiments suggest that the 8' variant is phosphorylated. The dephosphorylation of CaM appears to occur rapidly as seen in Fig. 3 with the (NH4)HCO3 alkaline medium used to extract the protein, which destabilizes phosphoester bonds. This dephosphorylation process is difficult to quantify.
Presence of TML in the CaM variants. Elution of the protein from the gel as shown in Fig. 2A and subsequent analysis for the presence of TML by thin-layer chromatography showed the same pattern for the two variants ( (Fig. 4) . We can thus conclude that the 8' variant is indeed a variant of CaM.
Phosphorylation of CaM in vivo. To more definitely establish that the 8' variant of CaM was phosphorylated, we incubated brain slices with H332P04; this led to the incorporation of 32p exclusively in the very acidic 8' spot as revealed by a comparison of the Coomassie blue-stained two-dimensional gel and the corresponding autoradiogram (Fig. 5) . Elution of the 8' variant from the gel and analysis for the phosphorylated amino acid with the same technique as in reference 27 revealed only one spot corresponding to VOL. 3, 1983 _ E F electrophoresis, the bands were cut out and counted by liquid scintillation. We observed that (21), who discuss the possibility for such ionic conditions existing also in vivo. phosphoserine (data not shown). The apparent lability of the phospho bond (see Fig. 3 ) makes a quantitative estimate of the extent of PCaM phosphorylation difficult.
Phosphorylation of CaM by PbK in vitro. Besides brain, muscle was analyzed for the presence of a phosphorylated form of CaM. Since CaM is the 8 subunit of PhK (11) and binds strongly to the enzyme in the absence of Ca2' (23) , we partially purified PhK from muscle and examined the ability of CaM to be phosphorylated in vitro. A crude preparation of PhK was obtained from chicken muscle and assayed with phosphorylase b as a substrate. In the absence of phosphorylase b, incubation with [-y-32P]ATP showed incorporation of radioactivity in a band corresponding to the Coomassie blue band of the 8 subunit of PhK after analysis by one-dimensional PAGE (data not shown). To further enhance this labeling, exogenous CaM (purified as described in Fig. 1A) was used in the assay as a substrate. Phosphorylation of exogenous CaM by PhK increased linearly with increasing concentrations of CaM (Fig. 6) . PhK assays were run under the same conditions with either phosphorylase b or CaM as a substrate. After gel
We have shown here that a phosphorylated form of CaM is found in conventional preparations of CaM by using two-dimensional gel electrophoresis with a modified pH gradient to resolve very acidic proteins. CaM was identified by its heat resistance and retention by an anionexchange resin, by its isoelectric point, and by its molecular weight. Additionally, Ca2' caused an increase in the electrophoretic mobility of the molecule and its amino acid composition, and, in particular, the presence of TML gave a further criterion of identification of this protein as CaM. PCaM, which was present in the standard preparation of CaM from brain, had the same electrophoretic mobility as Ca2' CaM and was partially converted into CaM after elution from the gel and reelectrophoresis. The observation of the relative amount of the acidic variant versus the main CaM spot shows that PCaM is unstable in conventional extracts from brain. After a relatively short preparation procedure as shown in Fig. IA , the acidic variant may be estimated as only a small percentage of the total amount of CaM. On the other hand, it represents about 40% of the total of the two variants in Fig. 1B when the extraction was done in phosphate and sodium fluoride buffer. The amount of the acidic variant is slightly less in Tris buffer (Fig. 2) (25) . After a six-step purification procedure, Watterson et al. (33) found by chemical analysis less than 1 M of phosphorus per CaM polypeptide, although several earlier reports described CaM as a phosphoprotein (2, 8, 34 What is the cellular function of PCaM? As we have shown, there was no observable change in the electrophoretic mobility of PCaM in the presence or absence of Ca2+, suggesting that phosphorylation of CaM may suppress its interaction with Ca2 . Similarly, it has been shown that methylation of CaM is also followed by an insensitivity to Ca2' (13) . Some Ca2+-independent properties of CaM have already been reported as, for example, the Ca2+-independent stimulation ofBordetella pertussis adenylate cyclase by CaM (15 (21) . The 8 subunit confers to the enzyme its sensitivity to Ca2' (11) ; its phosphorylation may result in an activation of the whole enzyme. As has been shown, the other subunits of PhK can also be phosphorylated by a cAMPdependent kinase (10, 19) . The phosphorylation of the 8 subunit, however, cannot be due to a cAMP-dependent mechanism, since the characteristic sequence for a cAMP-dependent phosphorylation by the cAMP-dependent kinases is not found in CaM (23) . Furthermore, dogfish skeletal muscle PhK is not regulated by a cAMP phosphorylation-dephosphorylation mechanism, as is the case with the mammalian enzyme (30) . The Among the numerous physiological implications thus far described for CaM, the evidence presented here for its phosphorylation opens a new way in the study of the already available experimental models involving this small, ubiquitous protein.
